The linear polymer chains were approximated as series of identical segments on a simple cubic lattice. The excluded volume was included into the model with no attractive interactions which corresponded to the good solvent conditions. The polymer chains were put into a slit formed by a pair of parallel surfaces. These walls were impenetrable for polymer segments and no other interactions between walls and chains were assumed. The models chains were studied by the means of the Monte Carlo method. The sampling algorithm was Metropolis-type and employing micromodifications of chain's conformation to sample efficiently the conformational space. The influence of the chain length, density of the polymer system, and the distance between the surfaces on the shape of macromolecules was studied. It was found that the decrease in the size of the slit and the decrease in the polymer density led to the formation of more spherical macromolecules. This is partially caused by the interpenetration of polymer chains.
Introduction
The properties of confined polymer chains have been recently a subject of many experimental and theoretical works because of their practical importance, like size-exclusion chromatography, wetting, polymer adhesion, and lubrication [1] . Recently, the influence of the confinement and so-called molecular crowding (the presence of macromolecules of different kinds that occupy a considerable fraction of the total volume of a cell) on the biological activity and other properties of proteins focused the attention of theoretical studies [2] . Confined dense polymer systems (melts) were also studied by computer simulations and theoretical considerations [3] . Computer simulations of lattice and off-lattice models concerned mainly the influences of the polymer stiffness and the system density on chains' size. The distributions of polymer segments in the slit and dynamic properties of macromolecules were also determined [4] [5] [6] . Recent studies of a cubic lattice model of polymer melts showed the universal behavior of the chain's size regardless of the system density and chain length, and determined their scaling behavior [7] . Dense polymer melts in attractive slits were also studied [8] [9] [10] [11] and investigated in real experiments [12] . The introduction of the attractive slit led, at certain conditions, to the interesting swapping of fully adsorbed chains from one surface to another [13] .
The present work is a further extension of the studies of simple models of dense polymer melts consisted of linear chains located in a slit formed by a pair of parallel and impenetrable surfaces. Because previously the question of polymer size was raised [7] now we focused our attention on the influence of the confinement and the density of the polymer system on the instantaneous shape of chains.
The model and the method
The model polymer chains were extremely simplified in order to make the calculations possible for larger and more dense systems. All the atomic details were suppressed and the macromolecules were approximated by chains built of united atoms called polymer segments. The locations and orientations of these segments were limited to vertices of a simple cubic lattice. The chains were flexible with no local stiffness introduced. The only potential of interactions was the excluded volume realized by the forbidding of the double occupancy of lattice sites (athermal system). The model chains were put between two impenetrable surfaces parallel to the plane xy. In directions of x and y axes the periodic boundary conditions were imposed [7, 14] . It was previously shown that such coarse models were sufficient for studying the properties of chain on the scale larger than a single segment [14] . Dense polymer melts consisting of m chains each built of N segments were the object of our studies. The density of the melt ϕ was defined as the fraction of the slit's volume occupied by polymer segments [7] .
The properties of model systems were studied by means of dynamic Monte Carlo method. In the simulation algorithm, the conformation of each polymer chain was randomly modified using the following set of micromodifications: 2-bond move, 3-bond move, 3-bond crankshaft move, 1-bond and 2-bond chain's ends moves. A set of motions consisting of one attempt of each move determines a time unit [14] . An attempt of a micromodification was accepted due to geometrical constraints and excluded volume caused by the chains as well as by the confining surfaces. The simulations were performed according to the following protocol. An initial conformation was built by the simultaneous growth and the equilibration of chains. Then, all chains underwent a series of local micromodifications (10 7 −10 8 time units). For each system under consideration (N, M, d) 30-40 independent Monte Carlo simulation runs were carried out starting from different initial conformations.
Results and discussion
The chain length was varied between N = 100 and N = 800 segments, i.e. in the region where macromolecules were supposed to be entangled. The simulations were carried out for melt densities ϕ between 0.1 and 0.5. The size of the slit d was changed between 50 and 3 lattice units in order to cover the regime from not distorted chain to flattened almost two-dimensional chain. The number of chains and the size of the Monte Carlo box L along the directions parallel to the surfaces (x and y) were changed in such a way as to maintain the constant concentration of the polymer segments in the slit. The edge of the box was varied between 43 and 136, while the number of chains was between 275 and 281 (for chains N = 100) and between 137 and 140 (for chains N = 200). Simulations of single confined linear chains of the same lengths at the same confinement were also carried out as a state of reference.
The first question concerns the influence of the slit's size on the exposure of chains on solvent and on the confining surfaces. The mean number of contacts between polymer segments and the surfaces can also be treated as a measure of the mobility of particular chain fragments. It was shown previously that the reduced number of contacts exhibits a universal behavior [15] . For our purposes we do not have to use the reduced quantities with the exception of segment numbering: in order to make the comparison between chains of different lengths we used the reduced segment numbering i/N , where i is a number of an ith segment. Figure 1 presents the mean number of contacts between polymer segments and surfaces as a function of reduced segment number. One can observe that numbers of contacts are almost constant (with some fluctuations) for the segments located in the middle of chains. The numbers of contacts for very ends of chains are considerably larger which is apparentlycaused by their higher mobility. The increase in the size of the slit makes these more mobile fragments longer and diminishes considerably the number of contacts.
The next question deals with the number of contacts between segments of the same chain (intrachain contacts) for different conditions under consideration. The mean numbers of these contacts are showed in Fig. 2 . The behavior of this parameter is similar to those of polymer-surface contacts, i.e. for the entire middle part of chains the number of contacts is constant although the number of contacts is considerably greater. Here the dominant factor is the size of the slit. It is possible to extract much more data for the polymer chain from the radius of gyration tensor as one can determine the instantaneous shape of a macromolecule [14, 16] . Let us consider the tensor of second kind
where its elements are defined as follows:
and the subscript "cm" denotes center-of-mass. The diagonalization of the tensor S gives us eigenvalues L
, which correspond to three main axes of the chain's equivalent ellipsoid. One can express the shape of the chain by giving the ratio of these axes. The equivalent ellipsoid of a polymer chain can also be determined experimentally by the small-angle X-ray scattering [17] . Monte Carlo simulations led to the following approximate ratio for the linear random flight chains (without the excluded volume) [18] :
(3a) This result means that a polymer coil does not have the spherical shape but it is bean-like. The introduction of the excluded volume into the model leads to the greater elongation of the polymer coil which was confirmed by computer simulations [19] : (3b) The operations on the above ratios are rather inconvenient. Therefore, usually one uses other parameters like shape factors and asphericity. Shape factors sf i are the normalized axes of the ith ellipsoid:
Figure 3a-c presents the shape factors for some polymer systems studied. One can observe that the longest axis, i.e. sf 1 parameter behaves in a different way as two remaining shape factors. The ratio of the shape parameters for larger slits is close to that predicted theoretically (Eq. (3b)). The sf 1 parameter has a shallow minimum but the location of this minimum is shifted towards the stronger confinement (smaller d values) when compared to the minimum on S 2 and R 2 curves [7] . Contrary to this axis of the equivalent ellipsoid two remaining parameters sf 2 and sf 3 have a maximum at the same value of d. Therefore, the net result of the decreasing of the slit size is that polymer chains become rather two--dimensional with a high asymmetry. The location of the extrema on shape factors curve is shifted towards higher d when the length of chain increases. The increase in the system density shifts these minima (maxima) in the opposite direction. The direction of the shift is associated with the size of the chain: it increases with the chain length and decreases with the system density [7] . In order to avoid using 3 parameters describing the shape of polymer chains the so-called asphericity factor was introduced by Rudnick and Gaspari [20] . The asphericity factor δ * is usually defined as:
This parameter was designed in order to take the value 0 for the spherical shape and 1 for one-dimensional rod. The analytical values of the factor δ * for a random--flight linear chain were given by Rudnick et al. [18] depended not only on their lengths but also on the model (a type of a lattice approximation used); the asphericity was located between 0.51 and 0.54 for chains consisting of more than N = 50 segments [18] . Figure 4 presents the changes of the asphericity for single chains as well as for melts as a function of the size of the slit d. One can observe that the asphericity of chains decreases when going down with distance d starting from smaller confinements and a minimum occurs, which could have been expected from the behavior of shape factors (see Fig. 3 ). The minimum on the curve for a single chain with N = 800 segments appears for much larger d values and, therefore, is not visible in this picture. For stronger confinements where chains are squeezed their asphericity is considerably larger. In general, the dependence of the asphericity factor on the width of the slit is similar to that of chain's size. The main difference is the localization of the minimum on the curve: for δ * it is shifted towards a larger slit's size. This means that the influence of the distance between the surfaces begins earlier for the shape of chains than for the size of chains [7] . What is interesting is the fact that the influence of the segment density of the polymer system on the shape of chains is surprisingly weak and the length of chain is rather the main factor -longer the chains are, the asphericity of a polymer is larger. For polymer melts the increase in the chain length does not considerably change the asphericity for moderate confinements. For highly squeezed chains the difference in δ * becomes more significant. It was shown that the reduced parameters enable one to construct a universal curve regardless of chain length, internal macromolecular architecture, and the density of the system [7, 14, 15] . One can also try to construct a master curve similar to that for the chain's size but concerning the instantaneous shape of a macromolecule. For this purpose we used the asphericity factors δ * divided by the appropriate values for unconfined chains δ * 0 . The reduced size of the slit was already defined as [7, 14] :
where S 2 0 is the mean squared radius of gyration for the unconfined chain (bulk conditions) of a given length and the system density. In Fig. 5 we present an attempt to create such a universal curve for the chain's instantaneous shape plotting the reduced asphericity δ * /δ * 0 versus the reduced size of the slit d * . It appears that all curves presented in this figure are of similar shape but the deviations can be found for all polymer systems under consideration and for all confinements. These deviations can be even found for larger slits and for short chains. The asphericity of systems is almost constant above d * = 1 and has a minimum just below d * = 1 although the increase of the chain's asymmetry is not large. The further squeezing of polymers led to the rapid increase of the asphericity approaching the value of 1.4.
The influence of the density of the polymer system in the slit on chains' shape is also an interesting problem. In Fig. 6 we present the asphericity factor δ * as a function of the melt density ϕ. One can observe that the increase in the density leads to a significant decrease in chain's aspherictity factor. For longer chains the shape of macromolecules was more aspherical. One has to remember that the size of chain diminishes smoothly with the increase in the melt density and this decrease is the most rapid for highly squeezed chains [7] . Therefore, we can conclude that in the presence of macromolecular crowding the confined polymer chains have to be more spherical in spite of squeezing in the slit.
Conclusions
Properties of confined linear polymer chains were studied using simple and reduced lattice models. The behavior of single linear chains and of melts composed of such chains was determined. Polymer chains were constructed as a sequence of identical segments on a simple cubic lattice at good solvent conditions (no energetic contact was distinguished). The Metropolis-like Monte Carlo simulation algorithm used enabled us to study long chains up to 800 statistical segments and melts with the density of polymer segments of 0.5.
It was shown that the shape of confined chains differed from that for free (unconfined) chains. The moderately squeezed chains are less spherical than free chains regardless their length and the system density. Highly squeezed polymers are much more asymmetric than a chain at bulk conditions. The increase in the system density causes the chain interpenetration and makes macromolecules more spherical.
